Apolipoprotein E (APOE) dependent lifetime risks (LTRs) for Alzheimer Disease (AD) are currently not accurately known and odds ratios alone are insufficient to assess these risks. We calculated AD LTR in 7351 cases and 10 132 controls from Caucasian ancestry using Rochester (USA) incidence data. At the age of 85 the LTR of AD without reference to APOE genotype was 11% in males and 14% in females. At the same age, this risk ranged from 51% for APOE44 male carriers to 60% for APOE44 female carriers, and from 23% for APOE34 male carriers to 30% for APOE34 female carriers, consistent with semi-dominant inheritance of a moderately penetrant gene. Using PAQUID (France) incidence data, estimates were globally similar except that at age 85 the LTRs reached 68 and 35% for APOE 44 and APOE 34 female carriers, respectively. These risks are more similar to those of major genes in Mendelian diseases, such as BRCA1 in breast cancer, than those of low-risk common alleles identified by recent GWAS in complex diseases. In addition, stratification of our data by age groups clearly demonstrates that APOE4 is a risk factor not only for late-onset but for early-onset AD as well. Together, these results urge a reappraisal of the impact of APOE in Alzheimer disease.
Introduction
Since the initial report of an enrichment of the APOE 4 allele of the apolipoprotein E (APOE) gene among Alzheimer disease (AD) patients, 1 the strength of the association between different APOE genotypes and the disease is reported as odds ratios (ORs). Taking as a basis the most frequent genotype (APOE 33), the ORs are estimated to be 3.2 for APOE 34 and 14.9 for APOE 44 whereas the APOE 2 allele has a protective effect in Caucasian subjects. 2 Note that these values obtained in clinical samples are probably slightly underestimated as larger ORs have recently been reported in a neuropathologically confirmed sample. 3 However, ORs, that are basically epidemiological measures, are of limited interest in medical practice. What the physician (and the carrier of an 'at risk' genotype) want to know is not the magnitude of the increased risk conferred by this particular genotype with respect to the most frequent genotype in the population but the actual probability to develop the disease according to age and sex. To address this issue, we 4 and others [5] [6] [7] previously attempted to calculate genotype-dependent AD lifetime risks (LTRs), that is, the risk to develop the disease between birth and a given age. 8 The LTR of a given APOE genotype could also be seen as the age-dependent penetrance of this APOE genotype or the probability that a randomly selected individual with this APOE genotype will develop AD by that age assuming that he does not die of another cause before that age. 9 However, due to the limited sample sizes available at that time, 95% confidence intervals (95% CI) were huge and precluded any accurate estimate of LTRs especially in APOE 4 homozygotes. Taking advantage of the large case/control sample used in a recent European AD genome wide association study (GWAS) 10 and adding two novel case/control cohorts, we undertook a novel attempt to estimate these values.
Patients and methods

Patients
All subjects included in the GWAS as well as 2971 new subjects (1398 controls and 1573 AD patients) originating from the west of France and the USA and ascertained according to the same criteria used for the GWAS subjects were included in this study. Therefore, a total of 7531 cases and 10 132 controls from seven different sub-studies were available. All these subjects were Caucasians. Demographic characteristics of the samples are summarized in Table 1 .
LTRs computation
Age-dependent penetrance for the different APOE genotypes was computed using a method similar to those described in Bickeboller et al. 4 and Satagopan et al. 9 The only difference is that in our computation we accounted for mortality rates over the different age and genotype categories. We first calculated agespecific incidence rates in carriers of a given APOE genotype. Let I i,g,s denote this probability over the relevant age category i (i = 1 to 4 for the four age categories considered here; that is, 59 and less, 60-69,70-79 and 80 and more) for individuals carrying the APOE genotype g of sex s and let S i,g,s denote the probability for an individual of sex s and APOE genotype g of surviving over the age category i. The penetrance of APOE genotype g at the end of the a th age-interval in individuals of sex s is then given by
To estimate the values of S i,g,s that account for differences in mortality rates for the different APOE genotypes, we used a model similar to the one proposed by Gerdes et al. 11 based on genotype frequency differences between age groups. Briefly, if we denote by S i,s the probability for an individual of sex s of surviving over the age category i that spans from age t 1 to age t 2 , then we can derive S i,g,s from S i,s and the APOE genotype distribution observed in the sample using the following equation:
The probabilities P(G = g|ageXt 2 ) and P(G = g|age < t 1 ) are the APOE g genotype frequencies in the overall population with age Xt 2 and age < t 1 respectively. These probabilities can be derived from the Supplementary Table S1 .
The values of I i,g,s were calculated based on the ageand sex-specific incidences I i,s over the corresponding age interval i (see Supplementary Table S1 ) and the APOE genotype frequencies observed in the sample in the different age-groups using Bayes' formula:
Where P i,s (D) = I i,s is the incidence rate for individuals of sex s in age group i,, P i (G = g|D) is the prevalence of genotype g among those who develop the disease in age category i (note that it is not dependent on the sex as we did not find any genotype frequency differences between males and females) and P i (G = g) is the prevalence of genotype g among all individuals in age category i (that can be approximated by the prevalence of g in controls).
To obtain confidence intervals for the penetrances, we used the bootstrap method as in Satagopan et al. Penetrances were calculated repeatedly using regenerated samples of cases and controls where the subjects were sampled with replacement from their original populations (we kept the original number of individuals from the different studies). One thousand boostrap samples were generated using a script written in Rv2.10.1 (R_Development_Core_Team 2009) (http://www.R-project.org).
Results
Individuals were stratified into four age categories (less than 60, between 60 and 69, between 70 and 79 and more than 80 years old) depending on either the age of onset of the disease for patients or the current age for controls. APOE genotype frequency estimates and their 95% CI are shown in Supplementary Figure S1 for cases and controls in the different samples stratified by age (males and females were considered together as no frequency difference was found between gender). After stratification on age, only a limited heterogeneity was observed between samples and we thus decided to pool them all. Table 2 gives the ORs (taking APOE 33 as reference) obtained for the different APOE genotypes on the pooled data in the different age categories and over all age categories. The OR of APOE 44 in the whole sample (OR = 14.49; 95% CI = (11.91; 17.64)) is consistent with previous estimates 2 but varies significantly with age, ranging from 5.6 (95% CI = (3.17; 9.89)) when the onset is before the age of 60 years old to 35.07 (95% CI = (23.8; 51.68)) when the onset is between 60 and 69. The same is true for APOE 34 with ORs in the range between 2.09 (95% CI = (1.61; 2.71)) for patients with an onset before 60 years and 4.18 (95% CI = (3.59; 4.88)) for the patients with an onset between 70 and 79 years. For the other APOE genotypes, ORs are more homogeneous across age groups and are estimated to be 2.64 (2.13; 3.27) for APOE 24 and 0.56 (0.49; 0.64) for APOE 22 and 23 considered together.
The AD LTR estimates according to age, sex and APOE genotype and computed using the Rochester (USA) incidence data 12 are presented in Table 3A . At age 85, AD-LTR reached 51% (95% CI = (41; 70)) and 60% (95% CI = (47; 84)) for APOE 44 male and female carriers, respectively, and 23% (95% CI = (22; 25)) and 30% (95% CI = (28; 33)) for APOE 34 male and female carriers, respectively, consistent with semi dominant inheritance of a moderately penetrant gene. To study the impact of incidence estimates on LTR, we recomputed LTR using the French PAQUID incidence rates 13 (Table 3B ). For the PAQUID data, incidence rates were only available for individuals older than 65 years. To use our method, however, we need to compute incidence rates among individuals of less than 60 years old and individuals between 60 and 64 years old. Given that in the age category 65-69 years, incidence rates obtained from the Rochester Epidemiological study and from PAQUID were not significantly different, we used Rochester data for individuals younger than 65. Estimated values were similar to those reported above except that the LTRs reached 68 and 35% at age 85 for APOE 44 and APOE 34 female carriers, respectively. We thus can be confident that our results are globally valid for Caucasian populations. They can be compared with the LTR of AD as a function of age, without reference to APOE genotype, that is 10-11% for males and 14-17% for females by age 85 depending on whether Rochester or PAQUID incidence rates are used.
Discussion
Clearly these values indicate that the effect of APOE on AD is more similar to the one of major genes in Mendelian diseases such as BRCA1 in breast cancer than the one of low-risk common alleles identified by recent GWASs in complex diseases. For a comparison, the LTR of breast cancer in BRCA1 mutation carriers by age 70 is estimated around 57% (95% CI, 47% to 66%), which is similar to our estimated APOE 44 penetrances by age 85. 14 The frequency of the APOE 4 allele in human populations ranges from 0.09 to 0.30. 2, 15 These values are well above those found for other deleterious alleles responsible for Mendelian diseases, even those involved in most recessive disorders. This apparent paradox might be explained by the fact that the APOE 4 allele, that is probably the ancestral APOE allele in humans, 16 exerts its deleterious effect mainly in elderly individuals. Its impact on the reproductive fitness of the carriers is probably very limited. However, its reduced frequency compared with the APOE 3 allele, if not due to genetic drift, suggests that it might slightly reduce the fitness.
As discussed by Yang et al., 17 LTR estimates suffer from uncertainties in the population incidence rates, genotype frequencies and effect sizes. By using a bootstrap method, we were able to account for the latter two uncertainties but as we had to rely on published records for incidence rates, we were not able to model uncertainties in incidence rates. To address this issue, we used incidence data from two different studies including Caucasian populations and show that LTR estimates are indeed consistent. We also had to account for the fact that mortality rates vary depending on APOE genotypes. In particular, the APOE 4 allele increases cardiovascular mortality 18 and a recent GWAS confirmed that the APOE locus has a role in longevity as this locus was among these loci that showed the most extreme allele frequency differences in centenarians compared with younger controls. 19 To account for mortality differences depending on APOE genotypes in LTRs computations, we built a new model that assumes that, for a given APOE genotype, survival probabilities are proportional to the genotype frequency differences observed over the different age categories in the sample. Finally, in addition to statistical and populationspecific uncertainty, one has to acknowledge that incidence rates are likely to change with time. Incidence rates for current 70-year old subjects may not apply when a current 30-year old will be 70 years old in 40 years.
In conclusion, we think that our results urge for a shift of category of the APOE gene from 'risk factor' to 'major gene'. This shift is not a pure semantic exercise as it has profound implications for patients. In Caucasian populations roughly 2% of the population bears the APOE 44 genotype. Considering the major risk conferred by this genotype (roughly 30% by age 75 and > 50% by age 85), it would be appropriate to target in priority these individuals, as well as PSENs or APP mutation carriers, in clinical trials aimed at developing novel preventive therapeutics. In addition, as advocated by the REVEAL study 20 whose aim is to examine the effects of APOE genotype disclosure, genetic counseling based on accurate LTR estimates should also probably be considered in the future for these individuals.
